Dark matter cores within galaxy haloes can be formed by energy feedback from star forming regions: an energy balance suggests that the maximum core formation efficiency arises in galaxies with M star ∼ 10 8.5 M . We show that a model population of galaxies, in which the density profile has been modified by such baryonic feedback, is able to explain the observed galaxy velocity function and Tully-Fisher relations significantly better than a model in which a universal cuspy density profile is assumed.
INTRODUCTION
The rotational velocity of gas and stars in galaxy discs implies that galaxies are embedded within dark matter 'haloes'. A central tenet of the canonical cold dark matter (ΛCDM) cosmological model is that such haloes have dense central regions with steep, "cuspy" inner density profiles (Navarro et al. 1996b, hereafter NFW profile) . However, observed rotation curves imply that dwarf galaxies have flat "cores" at their centre (Moore 1994) . This "cusp-core" crisis is a major challenge to the ΛCDM paradigm, heightened by studies which demonstrate that some non-standard dark matter particles form cored haloes Vogelsberger et al. 2012) .
On the other hand, astrophysical processes (Navarro et al. 1996a; Pontzen & Governato 2012 ) within a cold dark matter framework may modify halo density profiles and create cored haloes at specific halo masses (Di Cintio et al. 2014a) . While observed rotation curves of individual galaxies provide compelling evidence for the existence of cores in low surface brightness and dwarf galaxies (Oh et al. 2011) , they are not able to distinguish between the various proposed origins of cores. Therefore, it is essential to establish whether the "cusp-core" crisis is pointing to a E-mail: cbabrook@gmail.com new cosmological paradigm, or is instead the result of astrophysical processes within the standard ΛCDM model.
In the ΛCDM paradigm, cores may result from the nonadiabatic impact of gas outflows on dark matter haloes. There is significant evidence (Weiner et al. 2009; Martin et al. 2012 ) that energy feedback from star-formation activity drives gas out of galaxies, and that processes such as radiation energy from massive stars, stellar winds and supernova explosions are important in galaxy formation (e.g. Brook et al. 2011) . The degree to which such energetic processes flatten the inner density profiles of haloes depends on the ratio of their stellar to halo masses (Di Cintio et al. 2014a , see Section 2 for an analytic argument).
Low mass galaxies are dark matter dominated: those with Mstar < ∼ 3×10 6 M do not produce enough energy to flatten their halo's inner density profile, which remains steep (Peñarrubia et al. 2012; Governato et al. 2012) . As stellar mass increases relative to the dark matter mass, the inner density profile becomes increasingly flat ). The flattening is greatest when Mstar∼3×10 8 M , after which the increasingly deep potential well is able to oppose halo expansion resulting in less flattening for more massive galaxies (Di Cintio et al. 2014a) .
One approach to test core formation by baryonic processes has been to study low mass dwarf galaxies, where the theory predicts cuspy, NFW profiles. A multitude of studies have attempted to determine whether galaxies such as Sculptor have a core (Battaglia et al. 2008; Walker et al. 2009; Evans et al. 2009; Walker & Peñarrubia 2011; Agnello & Evans 2012; Amorisco & Evans 2012; Laporte et al. 2013; Adams et al. 2014; Strigari et al. 2014) , without a clear consensus emerging.
In this study, we therefore take another approach and explore the properties of an ensemble of galaxies. We show that the mass dependence of cores formed through baryonic processes should leave an imprint on galaxy populations, and that such imprint may be used to distinguish between different core formation mechanisms. Indeed, while alternative dark matter particles could also be able to create cores, they would result in a different dependence of core sizes versus galaxy mass.
In particular, we study the velocity function of galaxies (Zavala et al. 2009; Zwaan et al. 2010; Trujillo-Gomez et al. 2011; Papastergis et al. 2011; Obreschkow et al. 2013; Klypin et al. 2014) , as well as the relation between velocity and stellar mass (Tully & Fisher 1977) , over a wide mass range in which core sizes are expected to vary in different ways according to different models.
To model haloes that are flattened by energetic feedback processes, we use the mass dependent density profile (Di Cintio et al. 2014b) , hereafter DC14 profile, in which galaxies with Mstar between ∼3×10 6 and ∼10 10 M have central densities shallower than the NFW profile (Di Cintio et al. 2014a ). The DC14 model has already been used to study the variation in core sizes for Local Group dwarf galaxies, in which their observed kinematics has been explained in terms of a density profile dependent on Mstar/M halo (Brook & Di Cintio 2015) .
Standard alternative dark matter models, in particular a warm dark matter (WDM) and a self interacting dark matter (SIDM) one, are also explored and the expected properties of galaxy populations within such models are compared with the fiducial NFW model. We highlight the manner in which the alternative dark matter models presented can be generalized to a wide range of parameterizations.
In Section 2 we present the ingredients of our models, including an analytic argument for our expectation of how core sizes vary with mass in the baryonic feedback scenario. In Section 3 we create velocity distribution functions of galaxies and Mstar-velocity relations, and we compare the predictions coming from the DC14 model to the results obtained by using a standard NFW model (Sections 3.1 and 3.2). We also compare velocity functions and Mstarvelocity relations for the alternative dark matter models, namely WDM and SIDM (Section 3.3). We discuss possible uncertainties and caveats in Section 3.4 and 3.5. In Section 4 we show that the different models result in different observational trends with mass within galaxy populations, and that such trends may be distinguishable with careful observations.
INGREDIENTS OF OUR MODELS
Our models consist of a mass function for dark matter haloes with appropriate concentrations, a relation between stellar and halo mass, and exponential stellar and gas discs. Dark matter haloes are modelled by different density profiles, as explained below. Halo mass distributions for ΛCDM and WDM assume Planck cosmological parameters and are created with HMFcalc (Murray et al. 2013) , with appropriate corrections to the WDM mass function ). The WDM model has a particle mass of 2 KeV, with the effect of using 1, 2 & 3 KeV particles shown in section 3.3.1.
We use the concentration-mass relation from Planck ΛCDM (Dutton & Macciò 2014) , and adjust the WDM halo concentration ). An adiabatic contraction correction to the dark matter haloes is applied to all models, as found in cosmo- The ratio of supernova energy from stars within the central 1 kpc, E SN (r<1 kpc), and the energy required to transform an NFW profile to a profile with a 1 kpc core (∆W), plotted as a function of Mstar. Only galaxies in the mass range, 3×10 6 < ∼ Mstar < ∼ 10 10 M have sufficient energy to form cores. Right Panel: The ratio of supernova energy from stars within the central 1 kpc, and the potential of an NFW profile with embedded baryonic disk as a function of Mstar. This ratio gives an indication of the efficiency of core formation: one expects the largest cores at Mstar∼3×10 8 M .
logical simulations for galaxies as massive as the Milky Way (Di Cintio et al. 2014b) . Such contraction alters the concentration (i.e. the scale radius) rather than the inner slope, allowing core sizes to be set. Specifically we use
where X= log 10 (Mstar/M halo ) + 4.5, and CNFW is the concentration given from the adopted (Dutton & Macciò 2014) relation.
Haloes are matched to galaxy stellar masses using the empirical abundance matching relation of Guo et al. (2010) . We explore the effects of different abundance matching relations in Section 3.5.
Once a relation between dark matter halo mass and galaxy stellar mass has been set, we add a stellar exponential disc with scale-length hs taken from the observed Mstar-hs relation, log10hs=−2.462+0.281log10Mstar(equation 7 in Dutton et al. (2011a) ). We further add a gas disk with mass Mgas=1.3MHI, with log10(MHI/Mstar)=−0.43log10Mstar+3.75 (Papastergis et al. 2012 ) and disc scale length hg=3hs.
The circular velocity of a thin exponential disk of mass M d and scale length hi is given by:
where y = r/(2hi) and In, Kn are modified Bessel functions (Dutton et al. 2011b) . In all models we include the universal dark matter fraction of mass (ΩDM/Ωm=0.85) in dark matter haloes. The density profile of dark matter haloes is set to be either the universal, NFW one (Navarro et al. 1996b) , or the mass-dependent DC14 density profile described in the next section (Di Cintio et al. 2014b) .
WDM halos are known to have cored profiles (Tremaine & Gunn 1979; Bode et al. 2001 ). However, Macciò et al. (2012) find that WDM particles with the masses considered in our study, 1-3KeV, result in very small cores of order 10pc for halos of mass 10 10 M , and that it requires much lower mass (∼0.1KeV) WDM particles to create cores of 1 kpc. In this study, we approximate the very small cores of WDM halos in our model by retaining the NFW profile.
In the adopted SIDM model, core sizes are set to zero for Milky Way mass galaxies (Mstar=6×10 10 M ) and increases as the scale-length decreases, until reaching a core size of 1 kpc for Mstar=10 8 M (Vogelsberger et al. 2012 (Vogelsberger et al. , 2014 . Lower mass haloes all have core sizes of 1 kpc. Other parameterizations for varying core sizes are explored in section 3.3.2. Of course, they do not cover all SIDM models and it is possible to fine tune SIDM parameters in order to have a mass variation of halo profile similar to the one of baryonic outflow models. On the other hand, the parameterisations that we do explore here can be generalized, since they are representative of a range of alternative dark matter candidates that predict similar behaviour of core size with galaxy mass. Cored profiles of dark matter for the SIDM case take the form:
where ρ0 is a characteristic halo density, r scale is a scale radius and rc is the core size (Peñarrubia et al. 2012) . The velocity profile of dark matter haloes, VDM, will thus depend on the type of density profile chosen. The theoretical, total circular velocity profile of a galaxy at any radius, defined as Vrot, is therefore given by the quadratic sum of the circular velocities of the various components:
The mass dependent 'DC14' profile
The analytic work in this section follows the work of Peñarrubia et al. (2012) who model the balance between the gravitational potential of galaxies and the energy from central star formation regions as the main determinant of core formation in the case of cores created by astrophysical processes (Peñarrubia et al. 2012) .
Once an exponential stellar and gas discs have been set as explained above, using observed scaling relations (Dutton et al. 2011a; Fathi et al. 2010; Papastergis et al. 2012) , it is possible to compute the supernova energy from stars within the central 1 kpc of each galaxy and compare with the depth of its potential well. The left panel of Figure 1 shows the ratio of such supernova energy, ESN (r<1 kpc), divided by the gravitational potential energy ∆W required to transform an initially NFW halo to a halo whose profile has a 1 kpc core, plotted as a function of Mstar. ∆W is defined as ∆W=(Wcusp-Wcore)/2, where:
The supernova energy within 1 Kpc is easily computed by:
wherefSN is the fraction of stars that will explode as supernovae divided by the mean stellar mass according to the initial mass function selected (fSN = 0.00925 for a Kroupa (2002) IMF) , is the fraction of energy that will be transferred into the dark matter halo and 10 51 erg is the energy released during a single supernova event. Figure 1 assumes that galaxies are connected to dark matter haloes via the abundance matching relation of (Guo et al. 2010) . It is clear that only galaxies in the mass range 3×10
10 M have sufficient energy to form cores. The right panel of Figure 1 shows the ratio of supernova energy from stars within the central 1 kpc, and the gravitational potential energy of an NFW halo plus a baryonic disk as a function of Mstar. This ratio, namely the balance between SNe energy vs potential of the galaxy, gives an indication of the efficiency of core formation: the largest cores are expected at the peak of this relation, i.e. at Mstar∼3×10 8 M . In Figure 1 we used = 0.4, and we note that using different values will simply shift the plots up or down, changing the minimum mass for core formation but without modifying the position of the peak. Whilst we have included only energy from SNe in this calculation, it is likely that ionising radiation will help drive outflows (Murray et al. 2010 ): again our analytic argument of where we expect the peak of core formation will not be affected, as long as this feedback scales with star formation rate.
We will explore the effects of AGN, which do not scale with star formation rate, later in the paper; for now we just note that the stellar mass where core formation is most efficient is below the mass range where we expect AGN feedback to be important. Bulges have not been included in our models because at the core formation peak mass in Figure 1 most galaxies do not have bulges. Nevertheless, we tested the results of adding empirically motived bulges, following the Hernquist formalism (Hernquist 1990 ): we found that the only difference is the appearance of a "shoulder" on the right side of the the plots, since more SNe energy is stored within the inner 1 kpc of a galaxy with a bulge, while the peak of core formation does not get affected.
Of course, our model is very simplistic. In particular, Peñarrubia et al. (2012) showed that the energy requirements for core formation are significantly lower at higher redshift. And further, Maxwell et al. (2015) recently showed that the radius to which dark matter is moved when it is expelled from the cusp region, will also have an effect on the energy required to form a core. Yet a very similar relation between core formation and galaxy mass has been found in cosmological simulations (Di Cintio et al. 2014a) of galaxies that match a wide range of galaxy scaling relations (Brook et al. 2012b; Stinson et al. 2013; Kannan et al. 2014; Obreja et al. 2014) : within these simulations, the flattest profiles are also found at Mstar∼3×10 8 M . The mass dependent DC14 density profile is based on such cosmological simulations, and accounts for the expansion of dark matter haloes due to the effects of feedback from star forming regions (Di Cintio et al. 2014b ). These profiles self consistently account for the distance to which dark matter is moved, addressing the concerns of Maxwell et al. (2015) , and take the form:
where (α, β, γ) indicate the sharpness of the transition, the outer and the inner slope, respectively (Merritt et al. 2006 ). The DC14 model describes profiles that have a range of inner slopes, with the parameters of the double power law model being dependent on the stellar-to-halo mass ratio of a galaxy in the following way (Di Cintio et al. 2014b 
where X = log 10 (Mstar/M halo ). The scale radius, rs, is connected to the concentration of the halo, which varies with mass. As long as the flattening of the central dark matter density is mass dependent, and there is a maximum flattening at a similar stellar mass as found in both the analytic model and the simulations, the exact form of the profile will not affect the arguments presented in this study. (Klypin et al. 2014 ). The V los distribution for a ΛCDM model with NFW and DC14 profiles are shown in blue and red, respectively, with the velocity measured at the radius indicated in Figure 3 . Shaded regions show the same distribution using ±20% the radius at which measurements are taken.The mass dependent DC14 profile results in a flattening of the V los distribution, caused by increasingly flat density profiles as we move from disc galaxies with high V los to lower V los . At the lowest, dwarf scales, the density profiles of the DC14 model steepen again, reflected in an upturn at V los < ∼ 20 km s −1 , in agreement with observation. Right Panel:
The observed (filled symbols) and predicted Mstar-V los relations for the ΛCDM model with NFW (blue) and DC14 (red) profiles, measured at 2.2 and 3.5 disc scale-lengths with solid line at the midpoint, 2.85 disc scale-lengths. For the DC14 profile, the relation bends down from the standard NFW model at intermediate masses, and then flattens at low stellar masses, providing a match for observed dwarf galaxies.
RESULTS

Velocity Function
When testing theoretical cosmological models, dark matter haloes can be matched to observed galaxies within a given volume (e.g. Guo et al. 2010; Moster et al. 2010; Papastergis et al. 2015) . The density profiles of dark matter haloes, together with the above mentioned disk distributions of stars and gas, can be used to determine the theoretical velocity profile of a galaxy at a given radius, Vrot, according to Eq.3: such velocity is determined by the total mass of dark matter, gas and stars contained within that radius.
The standard ΛCDM model, in which haloes have cuspy, NFW density profiles (Navarro et al. 1996b) , predicts a far greater number of galaxies than are observed with line-of-sight velocity (V los ) less than ∼60 km s −1 (Zavala et al. 2009; Zwaan et al. 2010; Trujillo-Gomez et al. 2011; Papastergis et al. 2011; Klypin et al. 2014) .
This can be seen by comparing the ΛCDM prediction, purple line, to the observational data points (Klypin et al. 2014) in the left panel of Figure 2 . The observed V los distributions are taken from compiled data of the of HI line-widths of Local Volume galaxies (Karachentsev et al. 2013 ) measured at 50% of the maximum intensity, W 50, with a further accounting for the number of early type galaxies which do not have significant amounts of HI (Klypin et al. 2014 ).
The comparison is made assuming that the observed velocities of gas within galaxies track the maximum possible velocity associated with the corresponding dark matter halo, Vmax. The assumption made in Klypin et al. (2014) that observed velocities relate directly to Vmax may be justified in high mass galaxies, but is not necessarily correct in less massive galaxies, where the rotation curves are often still increasing at their outermost measured point (Catinella et al. 2006; Swaters et al. 2009; de Blok et al. 2008; Oh et al. 2011) . For example, in a dwarf galaxy with stellar mass Mstar=10 7−8 M , observed velocity measurements often come from stars within 1-2 kpc of the galaxy centre, while the Vmax of the corresponding NFW halo is at ∼7-10 kpc. If haloes are cored or expanded, then the Vmax may be even further from the centre of the galaxy: indeed, the maximum observed rotation velocity may be a poor estimate of Vmax in the case of a cored profile.
In Papastergis et al. (2015) this issue is addressed by attempting to place observed galaxies on the Vrot-Vmax diagram expected from abundance matching, by fitting several dark matter haloes to observed rotation curves and considering only the last measured point of such velocity curves in order to determine the maximum velocity of the most massive halo that fits such point (see also Ferrero et al. (2012) ). In this sense, this is a more conservative approach than the one followed by Klypin et al. (2014) . However such methodology still assumes that dark matter haloes follow the universal NFW profile, but for some of the observed rotation curves in low mass galaxies this is not the case (see for example UGC7577 in their Fig.5 ).
Debating whether rotation curves appear flat may not be the optimal manner to address the issue of how to best compare theory and observation. Models provide predictions for velocities at all radii, so one can compare observations with theoretical predictions for velocities at any radius, as long as the two are done consistently. This is particularly important when comparing models of different density profiles.
We therefore suggest a different approach, which is to estimate the physical radius at which measurements are made, and then compare models and observations at that same radius. In order to determine the radial region where V los is measured in HI surveys, we find the radius, Rm, at which observed rotation curves reach the inclination and velocity dispersion adjusted value Vrot.
In Figure 3 we plot, as black squares, Rm as a function of Mstar for 26 observed galaxies which have Mstar < ∼ 10 10 M , high resolution rotation curves de Blok et al. 2008; Oh et al. 2011; Cannon et al. 2011; Oh et al. 2015) and corresponding W 50 values ). The orange line shows a fit to the data, log(Rm) = −2.75 + 0.37 × log(Mstar),
with the shaded region indicating Rm±20%. The purple line is the radius Rmax at which a halo of a specific stellar mass, according to Mstar-M halo relations, reaches its maximum velocity Vmax. It is clear how moving toward low mass galaxies the gas is tracking an increasingly inner region of the halo rather than extending to Rmax. The lower is the mass of a galaxy, the higher is the separation between Rm and Rmax. We therefore decided to use the radius Rm as the radius where we measure velocities in our theoretical models, to be consistent with observations. In the left panel of Figure 2 , we derived theoretical velocity functions by first assuming a mass function for dark matter haloes, with appropriate halo concentration-mass dependence, then using the density profiles of different models to derive galaxies' circular velocities at each radius. We then measure circular velocities at the radius Rm to mimic the region where observations are made. We remark that before comparing the observed line-of-sight velocity, V los , with the theoretically predicted rotation curve, Vrot, a correction must be applied to account for the pressure support of gas in real galaxies. When using HI line widths, V los =W 50/2, where W 50 is the width of the HI line profile measured at 50 per cent of the peak value, and the rotational velocity is then:
where i is the inclination of the galaxy and σv=8 km/s is the typical amplitude of gas turbulent motion, in addition to rotation (Papastergis et al. 2015) . In our theoretical velocity function, we average over all possible inclinations. We use equation 10 to transform from circular velocities measured at Rm to V los velocities, and do this self-consistently for all the models, i.e. NFW, DC14, WDM and SIDM.
Using the standard ΛCDM model with associated cuspy, NFW halo density profiles, the model still overpredicts the number of galaxies with V los < ∼ 60 km s −1 : the theoretical NFW velocity function lies significantly above observations as can be seen from the blue shaded line in Figure 2 .
This discrepancy motivates the exploration of other models which may lead to different predictions for the distribution of V los of galaxies. We first explore the mass dependent DC14 density profile, based on simulations where cores are formed through outflows driven by star formation activity, and fully described in Section 2.1.
The theoretical velocity function based on a DC14 profile is shown as a red shaded region in Figure 2 and its agreement with observations is notable. As we move from massive to intermediate mass galaxies, the DC14 profile describes haloes which become increasingly flat in their inner regions, resulting in fewer galaxies with 30 < ∼ V los < ∼ 60 km s −1 , in line with observations. Figure 3 . The radius, Rm, at which the observed rotation curves of 26 observed galaxies taken from the literature reach the inclination and velocity dispersion adjusted value Vrot= ((W 50/2/sin(i)) 2 − σ 2 v ), plotted against stellar mass (black squares). The orange line is a fit to this data, with the shaded region indicating Rm±20%. The purple line is the radius Rmax at which an halo of a specific stellar mass (Guo et al. 2010 ) reaches its maximum velocity Vmax. The discrepancy between Rmax and Rm is more severe moving toward low mass galaxies.
Below Mstar∼3×10
8 M , the inner region of DC14 profiles become increasingly steep. This results in a slight upward bend at V los < ∼ 20 kms −1 with the V los distribution eventually joining the standard ΛCDM model for V los < ∼ 10 kms −1 , where the haloes retain a NFW profile given the insufficient energy from SNe to create a core.
This upward trend in the velocity function at V los < ∼ 20 kms −1 is a prediction of models in which cores are formed by baryonic outflows, and in which density profiles remain steep in the lowest mass galaxies. Interestingly, the low velocity end of observations also show an upturn, as derived in Klypin et al. (2014) and precisely as predicted by the DC14 model.
Of course, the upturn in the observations needs to be taken with a grain of salt. Indeed, moving to lower masses, observations are less well constrained for two reasons. Firstly, below stellar mass of ∼10 9 M the HI disks become on average thicker (Brinks et al. 2002) with the velocity dispersions being a larger fraction of the total rotation velocity, making the interpretation of W 50 increasingly difficult and the approximation of where to measure Vrot in the models less well defined. Secondly, at these masses a correction for completeness is required to account for the increasingly significant number of galaxies that have no measured HI (Klypin et al. 2014) . Future surveys with larger samples, more accurate velocity measurements, detailed accounting for completeness and precise understanding of the radius at which velocities are measured, are required in order to determine whether there is a statistically solid upturn in the V los distribution at V los <20 km s −1 . Bearing these caveats in mind, the comparison between the theoretical and observed velocity function highlights three points: (i) the cold dark matter model where haloes follow the widely used NFW density profile is ruled out: even by including a correction for the radius at which velocities are measured, the data could not be reconciled with a universal NFW model, (ii) the discrepancy between observations and theory can be eas- ily explained as a manifestation of the cusp/core problem, with the mass dependent DC14 profile capturing the essence of it: a notable agreement between theory and observations is found if such a model is applied, and (iii) the dark matter cores in galaxies formed by energetic baryonic outflows predict an upturn in the velocity function at low velocities, corresponding to the low mass galaxies regime where the energy form supernovae is less efficient at expanding haloes: such a feature may be tested with a careful comparison between theory and future updated observations. We note that the results at the low mass end are not particularly sensitive to our disc scale-lengths, as stars become a decreasing fraction of total mass. At the high mass end, the position where the the model V los intersects with the dark matter only Vmax, is sensitive to the adopted disc scale-lengths, as well as to the assumed adiabatic contraction, but this does not affect our main results.
Mstar-Velocity Relation
In this section, we take another perspective of the problem, exploring the relation between the velocity and stellar mass of galaxies (Tully & Fisher 1977) . Observational and systematic biases in this process will differ from biases that may exist in the velocity distribution comparison made above.
Galaxy stellar masses from large surveys (Baldry et al. 2012) can be matched to dark matter haloes (Guo et al. 2010) , allowing us to derive theoretical rotation velocity for galaxies of given stellar mass at any radius. We then obtain high resolution velocity information for a sample of observed galaxies (Pizagno et al. 2007; Kirby et al. 2014; Klypin et al. 2014; Oh et al. 2008; Walter et al. 2008; de Blok et al. 2008; Oh et al. 2011 ) and compare observed and theoretical values of V los between 2.2 and 3.5 scale lengths. To derive this region, we use the empirical relation between disc scale-lengths and Mstar (Dutton et al. 2011a; Fathi et al. 2010 ).
In the right panel of Figure 2 we show results of this comparison. THINGS galaxies are plotted at both 2.2 (upward pointing triangles) and 3.5 scale-lengths (downward pointing triangles) Oh et al. 2008; de Blok et al. 2008; Oh et al. 2011) . At the high mass galaxies end (Pizagno et al. 2007) , there is very little difference between measuring V los at 2.2 and 3.5 scale-lengths. At the low mass end, the region of 2.2-3.5 disc scale-lengths is a reasonable proxy for the radial range at which kinematics of dwarf spheroidal galaxies are measured .
As shown in the right panel of Figure 2 , the ΛCDM model with NFW profile (blue shaded line) predicts that dwarf galaxies with Mstar∼5×10 6 −5×10 8 M , should have significantly higher V los than is observed, a well documented issue within the standard ΛCDM model (e.g. Read et al. 2006; Oh et al. 2011; Tollerud et al. 2014 ). The DC14 model (red shaded line), instead, predicts that the dark matter density profile is flattest for massive dwarf galaxies, such that the relation between V los -Mstar becomes lower than the NFW expectation at masses 10 7 <Mstar/M <10 9 . Moving to even lower stellar masses, the steepening of the halo profile causes the V los -Mstar relation to flatten, eventually re-joining the NFW model for galaxies with stellar masses of Mstar∼10 6 M . The well known independence of velocity from stellar mass observed in low mass dwarf galaxies, such as satellites of the Milky Way, Andromeda and ultrafaint dwarfs (Strigari et al. 2008; Garrison-Kimmel et al. 2014 , and references therein), is therefore a feature naturally reproduced by haloes that are flattened by astrophysical processes, such as supernovae-energy-driven outflows of gas, and that retain a cuspy profile at the smallest scales, Mstar< 3 × 10 6 M Brooks & Zolotov 2014; Di Cintio et al. 2014a) . The overall result is that the DC14 model can explain the observed V los of dwarf galaxies over a wide range in stellar mass.
A significant caveat must be mentioned here, regarding the observed measures of galaxy velocities. For the dwarf spheroidal galaxies, the circular velocity has been approximated using V(r 1/2 ) = 3 σ 2 , which provides a reasonable estimate at the half light radius of non-rotating, dispersion supported galaxies, minimizing the errors introduced by uncertainties of the anisotropy parameter Wolf et al. 2010 ). This methodology has been shown to work also in non-spherically symmetric systems (Thomas et al. 2011 ). Systematic differences exist between these estimates of circular velocity, and those coming from rotation curve data. We therefore do not want to overstate any comparison between the predictions and observations. The purpose of the paper is to highlight ways that competing theories may be contrasted: it remains observationally challenging to test for the differences that we highlight, over the full mass range that may be required.
Alternative Dark Matter Models
Alternative dark matter particles have also been suggested as solutions to the velocity function problem (Zavala et al. 2009; Vogelsberger et al. 2012; Schneider et al. 2014; Klypin et al. 2014; Papastergis et al. 2015) . Such models make different predictions for how halo density profiles vary with galaxy mass.
Here, we explore predictions for the warm dark matter (WDM) and self interacting dark matter (SIDM) models introduced in Section 2. In the top left panel of Figure 4 we plot the velocity function derived assuming a 2 KeV WDM particle, which results in a different halo mass function when compared to CDM predictions. We show this effect measuring velocities at Vmax and using a CDM concentration-mass relation (dashed purple line). We then make adjustments for WDM concentrations including adiabatic contraction (dot-dashed purple line). Clearly, modification to the halo mass function driven by a 2 KeV particle is not enough to reconcile theory and observations, if haloes' velocities are measured at Vmax.
Therefore we procede to analyze a WDM model which includes the universal dark matter fraction plus a stellar and a gas discs, as presented in Section 2, and in which halo velocities are measured according to Equation 9. We show the resulting velocity function in light blue in the top left panel of Figure 4 . In the top right panel we show the Mstar-V los relation for WDM where the V los has been measured between 2.2 and 3.5 disc scale-lengths.
The bottom left panel shows the V los distribution for cored profiles (green) representative of the adopted SIDM models (Vogelsberger et al. 2012) . Core sizes in the model increase in proportion to the decrease in disc scale length from zero at Mstar=6×10 10 M to a maximum core size of 1 kpc at Mstar=10 8 M . The Mstar-V los relation for the SIDM model is shown in the bottom right panel.
Both these alternative dark matter theories result in a flattening (Zavala et al. 2009 ) of the V los distribution in the region 30 < ∼ V los < ∼ 60 km s −1 , as seen in Figure 4 . As velocities become even smaller, however, the V los distribution of these models increasingly diverge from the ΛCDM distribution, contrary to what occurs in the DC14 model. This finding is not specific to the WDM and SIDM models we show in Figure 4 , but is general to any alternative DM model where core size increases relative to the virial radius, are constant at all masses, or scale with the virial radius of galaxies. No such model is able to match observations over the entire velocity range.
Alternative DM models that predict a decrease in the number of low mass haloes, and/or flattened halo density profiles even in the lowest mass galaxies, result in the velocity-Mstar relation bending down compared to the standard ΛCDM case, better matching the velocities of observed high mass dwarf galaxies (right panels in Figure 4 ). However, as we move to even lower mass, such models continue to bend downward and do not match the velocity values observed for dwarf galaxies with low stellar mass. The better such models are able to account for the velocity of high mass dwarfs, the worse they fare with respect to low mass dwarfs. Our results can be generalized to rule out any model where core size increases monotonically as halo mass decreases.
Different WDM particle masses
We show the V los distribution and V los −Mstar relations for WDM particles of 1, 2 & 3 KeV as dashed, solid and dot dashed lines in Figure 5 . The trends are the same in all cases, i.e. the V los distribution bends down compared to the ΛCDM model as V los become smaller, while the V los −Mstar relation is steeper than the ΛCDM relation. None of the particle masses considered is able to reproduce observations, consistently with what has been shown previously (Klypin et al. 2014; Schneider et al. 2014) . Moreover, we note that constraints from the Lyman-alpha forest indicate that WDM particles should have mass > ∼ 3 KeV (Viel et al. 2013 ).
Different core sizes
The parameterization of core sizes with mass, used within the adopted SIDM model in Section 3.3, mimics the main features of core dependence on halo mass for velocity dependent SIDM particles (Vogelsberger et al. 2012 ). In Figure 6 we show the results for different parameterizations of core sizes with mass. Core sizes increase linearly in proportion to the decrease in disc scale length from zero core at Mstar=6×10 10 M to a maximum core size of 1 kpc (solid green line) and 2 kpc (dashed green line) at Mstar=10 8 M . Keeping a constant 1 or 2 kpc core at high masses makes very little difference (making the fit to observations at the high mass end slightly worse), so is not shown. We also show a core which scales in size with virial radius, such that core size = Rvir/100, which results in less flattening of the V los distribution. None of the used parameterizations is able to reproduce the V los distribution and the V los −Mstar relation over the entire mass ranges.
3.4 AGN and cores in massive disc galaxies.
The large amounts of energy from AGN in the inner region of galaxies could lead to a further transformation of the inner dark matter profile (Martizzi et al. 2013 ). We did not include AGN in our study. Firstly, AGN activity is not likely to be significant in the mass range that is relevant to this study.
Secondly, baryons make an increasingly significant contribution to the inner density profiles at high masses: the differences in the dark matter density profile are therefore less important in high mass galaxies. We verified that a model which follows the mass dependence of the DC14 density profile at low mass, but has cored profiles for all galaxies with Mstar>3×10 8 M , in order to resemble a possible AGN-driven core, does not change our results. (Guo et al. 2010; GarrisonKimmel et al. 2014; Moster et al. 2010; Sawala et al. 2014 ) that are explored. These relations cover a wide range of normalisations and slopes in the region relevant for our study.
Effects of Abundance Matching Uncertainties
In this study we relate stellar masses and halo masses using an empirical abundance matching relation (Guo et al. 2010) . Several other studies provide different formulations for such relation. Here we show that the particular form of the abundance matching relation that we employ is not driving our results and conclusions.
Abundance matching relations are generally complete down to a stellar mass of few Mstar∼ 10 8 M , corresponding to the lower limit of large scale surveys such as SDSS (Baldry et al. 2008 ) and GAMA (Baldry et al. 2012) . Above this mass, there is relatively little difference in the abundance matching studies (Guo et al. 2010; Moster et al. 2010; Behroozi et al. 2013) , and such differences are insignificant in terms of our study. However for stellar masses below ∼10 8 M observational uncertainties exists and, as this is a crucial mass range in our study, we checked if using different abundance matching prescriptions affects the results at low stellar masses.
There are two recent studies that have extended the abundance matching relation to masses lower than Mstar∼ 10 8 M , by using the observed stellar mass function of the Local Group Garrison-Kimmel et al. 2014 ). In the first study, Brook et al. (2014) , it was shown that using the average halo mass function of simulated local groups, which is well described by a power law, implies a steep relation between Mstar-M halo in the region 10 6.5 <Mstar/M <10 8 . The empirically extended relation found in Brook et al. (2014) matches well the extrapolated abundance matching relation used in this paper (Guo et al. 2010) .
The second study, Garrison-Kimmel et al. (2014) , choses a particular collisionless simulation of the local group which has a flatter than average halo mass function, allowing the use of a flatter Mstar-M halo relation when matching haloes to the Local Group stellar mass function. It also showed that, using an even flatter Mstar-M halo relation as in Behroozi et al. (2013) , the results is a severe over-estimate of the number of local group galaxies with stellar masses 10
8 . Considering these empirical constraints, we explore the effects of choosing flatter abundance matching relations than the one used Figure 8 . The Mstar-V los relations for the NFW and DC14 models, using different abundance matching relations (Guo et al. 2010; Garrison-Kimmel et al. 2014; Moster et al. 2010) , which span a wide range of normalisation and slope. The conclusions of the paper are not affected: the DC14 profile still provides a very good fit to the data, for all the abundance matching relations, while the NFW profile does not match observations when the full range of dwarfs masses is considered.
in the paper. The three tested relations (Guo et al. 2010; GarrisonKimmel et al. 2014; Moster et al. 2010) , shown in Figure 7 , cover a very broad range in slope and normalisation, particularly at low masses. For a halo mass of 10 10 M , there is approximately an order of magnitude difference in the matched stellar mass according to the different relations used. The velocity function relation of the DC14, NFW, SIDM and WDM models will only suffer from a negligible change when different abundance matching are applied, and therefore it is not shown here. We plot Mstar-V los using the different abundance matching relations for the NFW and DC14 models in Figure 8 , and for the alternative dark matter models in Figure 9 .
The most important general observation is that altering the abundance matching will alter each of the models in a consistent manner. To be specific, choosing an abundance matching relation that is flatter than the fiducial one used in the paper (Guo et al. 2010) , steepens the Mstar-V los relation in all models. Thus, all models that were already too steep in the region 5×10 6 <Mstar/M <3×10 8 , (i.e. all but the DC14 model), worsen. The DC14 model still does very well at matching the observations in this important mass range, and the advantage over the other models is clearly maintained in full. The NFW, SIDM, and WDM models all fail at reproducing the observed Mstar-V los relation, predicting dwarf galaxies with an increasingly low V los when a flatter abundance matching relation is assumed.
It may seem a little surprising that a large change in the abundance matching relation results in a relatively small change in the Mstar-V los relation. This is in part due to lower mass haloes having higher concentrations. We remind that the fact that the massconcentration relation results in similar velocity measurements, for low mass galaxies over a range of halo masses, has been shown previously (Kravtsov 2010) . This study concerns the effects of baryons in altering the haloes in which galaxies are hosted, which we implement using the DC14 model. A different proposal is that baryonic processes effectively "adjust" the halo mass function (Sawala Figure 9 . The Mstar-V los relations for the WDM and and SIDM models, using different abundance matching relations (Guo et al. 2010; GarrisonKimmel et al. 2014; Moster et al. 2010) . A flatter relation between Mstar and M halo results in a steeper Mstar-V los relation, worsening the mismatch with observations. et al. 2014), flattening the Mstar-M halo relation. In the most important region of our study, 5×10
6 <Mstar/M <3×10 8 , galaxy stellar masses are matched to haloes that are well above the mass where reionization may render some haloes dark, M halo ∼5×10 9 M (Bullock et al. 2000), regardless of which abundance matching relation is used. The "bend" in the Mstar-M halo relation due to re-ionisation, as proposed by Sawala et al. (2014) , occurs at lower masses than what is considered in this study, Mstar<10 6 M .
CONCLUSIONS
The cusp-core discrepancy is a challenge to the ΛCDM paradigm, which is heightened by studies showing that non-standard dark matter particles can result in cored dark matter haloes. In this paper we have highlighted how it is possible, from a theoretical point of view, to distinguish between astrophysical processes and alternative dark matter scenarios that are able to create cores in galaxies. The key is that different models make different predictions for how core formation depends on mass. We show the signatures of these differences in galaxy populations, in particular by studying the velocity function and the Tully-Fisher relation.
Using analytic models, we have shown that the density profiles, DC14, resulting from energetic feedback processes like supernova explosions, have a particular mass dependence with a maximum core formation efficiency at Mstar∼10 8.5 M (Di Cintio et al. 2014a,b) . This value matches the peak mass of core formation occurring in hydrodynamical simulations (Stinson et al. 2013; Brook et al. 2012a ). These findings allow us to create model populations of galaxies within dark matter haloes that have been affected by such energetic processes, and to compare them with models that assume a universal, steep, NFW density profile.
In agreement with previous studies, we showed that it is difficult to reconcile a model galaxy population that assumes an NFW profile for dark matter haloes with the observed velocity function of galaxies with line-of-sight velocity V los <60 km/s (Zavala et al. 2009; Papastergis et al. 2011; Trujillo-Gomez et al. 2011; Klypin et al. 2014; Papastergis et al. 2015) , and with the observed TullyFisher relation of galaxies with stellar mass ∼10 7 -10 9 M . The mismatch holds without assuming a priori that galaxies rotation curves are tracking the maximum velocity of dark matter haloes.
By contrast, a model in which the density profile varies according to the ratio Mstar/M halo , as expected when the halo profile is affected by baryonic outflows of gas, is able to reproduce both the velocity function and the Mstar-velocity relation of galaxies, under plausible assumptions regarding the manner in which observations and theory are compared. Further, we show that the particular mass dependence of cores formed by baryonic outflows will leave signatures within both the velocity function and the Mstar-velocity relation of galaxies. Specifically, the steepening of the profiles as galaxy mass decreases below Mstar∼10 8.5 M results in an upturn in the velocity function for V los < ∼ 20 km s −1 and in a flattening of the Mstar-velocity relation in the region 10 6 < ∼ Mstar/M < ∼ 10 8 , both features in agreement with current data (Klypin et al. 2014) .
The independence of velocity from stellar mass observed in low mass dwarf galaxies (Strigari et al. 2008; Garrison-Kimmel et al. 2014 , and references therein) is thus a feature naturally reproduced by haloes that are flattened by astrophysical processes. Evidence for an observed upturn in the velocity function is more tenuous, relying on the manner in which galaxies that are devoid of gas are added to results coming from large scale surveys of HI linewidths. Further to this, an increased ratio of velocity dispersion to rotation velocity means that HI line-widths of low mass galaxies may be more difficult to interpret than in more massive galaxies.
Alternative dark matter models also make predictions for how halo density profiles vary with galaxy mass. We explored predictions from WDM and SIDM models, finding that both result in a flattening of the V los distribution in the region 30 < ∼ V los < ∼ 60 km s −1 ; as velocities become even smaller, however, the V los distribution of these models increasingly diverge from the ΛCDM distribution, contrary to what occurs in the DC14 model. Any model that predicts a decrease in the number of low mass haloes (such as WDM) and/or cores in the lowest mass galaxies (such as SIDM), results in the Mstar-velocity relation better matching observations of high mass dwarf galaxies than the NFW model, but as we move to the lowest masses, such models continue to bend downward and do not match the observed velocities of the faintest dwarf galaxies. The better such models are able to account for the velocity of high mass dwarfs, the worse they fare with respect to low mass dwarfs.
These findings can be generalized to any alternative dark matter model in which core size increases monotonically as halo mass decreases, are constant at all masses, or scale with the virial radius of galaxies.
It must be noted that in this paper we did not use the distribution of gas and stars from hydrodynamical simulations, but we rather coupled the mass dependent DC14 profile with empirical galaxy scaling relations to make model galaxy populations.
In a future study we will compare HI line-widths measured directly from our simulations to the empirical Vmax − Vrot abundance matching relation found in Papastergis et al. (2015) . We note that the hydrodynamical simulations of Governato et al. (2012) and Brooks & Zolotov (2014) included in Papastergis et al. (2015) did not match the Vmax − Vrot abundance matching at the low mass end, and we will explore whether this holds in our simulations and whether there are differences between simulated galaxies and empirical model for galaxy properties adopted here.
It remains a theoretical and observational challenge to compare measured velocities of observed dwarf galaxies to model predictions, particularly as the ratio of velocity dispersion to rotational velocity increases for low mass galaxies. Uncertainties associated with stellar velocity dispersions in local dSphs should be reduced thanks to GAIA satellite data (Perryman et al. 2001) , and possibly also next generation 40m telescopes such as the European ELT, working with multi adaptive optic cameras (Davies & Genzel 2010) . Meanwhile, the next generation of HI surveys, as we enter the era of SKA, promise high spatial resolution HI gas kinematics in a large sample of galaxies, with increased fidelity in the derivation of the velocity function (Staveley-Smith & Oosterloo 2015) .
More sophisticated comparisons between observations and theory are certainly required, as are further models exploring the nature of density profiles that form under the influence of baryonic outflows; different feedback implementations, higher resolution simulations and more diverse initial conditions will likely result in an improvement of our understanding of how density profiles are modified by baryonic physics.
